terial is found to follow in-situ plastic deformation. The explosion hardening mechanism of the steel crossing are dislocation and twin hardenings. The explosion hardening enhances the mechanical properties of the material, included the deformation resistance, wear resistance and fatigue resistance, therefore, the lifetime of the purity high Mn steel crossing can be increased by ϳ40 % through the explosion hardening treatment.
Introduction
Since 1900s, Hadfield steel has been used to produce a key part of the railway-namely "high manganese steel crossing", because of its excellent work hardening capability, suitable strength and high toughness. At present, the lifetime of the common high manganese steel crossing produced in China is 1.3ϫ10 8 tons-the load of passing through the crossing, while the lifetime of the common high manganese steel crossing made in America or Japan is above 2ϫ10 8 tons. With the enhancement of the railway transportation speed, the increase of the lifetime and the safety of the crossing should be required. The usual failure modes of the high manganese steel crossing include: i) collapse and/or wear in earlier stage of the service, and ii) fatigue and/or flake-off in later stage of the service. Both the wear resistance and the strength of the high manganese steel are lower in earlier stage of the service, because its work hardening does not exert completely. Therefore, the pre-hardening should be carried out on the surface, especially on the nose of the high manganese steel crossing in order to increase the wear resistance and the deformation resistance. Surface pre-hardening techniques for metal mainly include shot blasting, rolling and explosion. The hardening layer of the shot blasting or the rolling is thin and not enough to meet the service requirements of the crossing. Therefore, the best pre-hardening method for the high manganese steel crossing should be the explosion hardening.
The explosion hardening technique can obviously increase the hardness of metals by severe plastic deformation caused by the shock wave. A few previous research reports on the explosion hardening technique of the high manganese can be found only. Norman firstly reported an explosion hardening technique in 1955 and got a patent for this technique.
1) Subsequently, a research report on the explosion hardening of the high manganese steel appeared, 2) and then this technique was applied to the pre-hardening of the railway crossing. Afterward England, Czech, Soviet Union, Japan and China entered this research field and got several patents and research reports. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The early studies of the explosion hardening were largely focused on the castings such as wear-resistance lining board and cutting teeth, however, few study on rail crossing was reported. Moreover, the technical aspects of the explosion hardening have not been highlighted while the mechanical properties and practical performance of the processed materials were documented. The systematic research on the explosion hardening technique of the high manganese steel crossing has not been carried out yet.
The deformation mechanism in the high manganese steel subjected to the explosion impact has not been explored, although a unique deformation fashion is expected. The hardening mechanism under the conditions is not much different from that of the conventional deformation, but some arguments are otherwise apparent. Roberts 12) deemed that the explosion hardening mechanism of the high manganese steel was twin hardening. Champion 13) thought the explosion hardening mechanism of the high manganese austenite steel was the grain refinement and the interaction of dislocation and twin. The e-martensite and the a-martensite were found in the high manganese steel subjected to explosion in a research report. In this paper the effects of explosion hardening on the microstructure and the mechanical properties as well as the lifetime of purity high Mn steel crossing have been studied. The optimum explosion hardening technology of the purity high Mn steel crossing was proposed. That is the explosion by using cyclonite explosive in thickness of 4 mm. The new technology emphasizes the formation of a 25 mm-deep hardened layer with surface hardness of 360 HB. Upon the explosion impact, the deformation mechanism of the ma
The aims of this paper is to optimize the explosion hardening technique of the purity Hadfield steel crossing alloyed with copper and nitrogen by analyzing the effects of explosion parameters on mechanical properties of the purity high Mn steel in detail. The deformation and the hardening mechanisms in the material upon explosion are also discussed. The explosion hardening technique of the purity high Mn steel described in this paper has been applied in the railway systems in China, New Zealand, Australia, Canada, Malaysia, Thailand and America.
Experimental
The crossing used in this work was made of purity Hadfield steel alloyed with Cu and N. Its chemical composition (wt%) of 1.25% C, 13.3% Mn, 1.56% Cu, 0.15% Si, 0.08 % N, 0.026% S, 0.028% P, 1ϫ10
Ϫ4 % O, 2ϫ10 Ϫ6 % H and shaped using V-type vacuum module casting. As a result, the compact casting crossing without inclusions and micropores was obtained, which prevented micro-cracks or small pores appearing on the surface of the steel crossing. Whereafter, the crossing was heat-treated at 1 080°C for 6 h, and then quenched in water. The uniform austenitic microstructure was achieved in the crossing.
Explosive sheets with thickness of 2, 4 and 6 mm, composed of cyclonite, epoxy resin and ethyl diamine were used for explosion hardening of the crossing, and they were ignited by electric detonators. The explosion velocity of the explosive is ϳ7 600 m/s for all explosive thicknesses. A transient and tremendous stress is therefore applied on the steel, and experimental results show that the explosive with the thickness of 2 mm, 4 mm and 6 mm can generate stresses of 10 GPa, 15 GPa and 20 GPa on the surface, which lead to the high-speed and considerable deformation. The crossing consists of two parts, the core rail and the wing rails which were treated by the explosion hardening. The explosion hardening regions were selected on the wear and deformation surfaces of the crossing in service. Figure  1 shows the sketches of the purity high Mn steel crossing and its section as well as explosion hardening places on it. Before paved with the explosive sheets the surfaces of the crossing were polished. Experimental parameters of the explosion hardening treatment are listed in Table 1 . In the mean time, Table 1 gives the explosion effects of the crossing surface after the explosion hardening under different explosive thickness. It is indicated that the sinkage amount of the explored hardening surface of the crossing increases with the increase of the explosive thickness. When the explosive thickness is 6 mm, there are some micro cracks on the surface subjected to the explosion hardening treatment.
The hardness distribution along the depth of the hardening layer was tested by Vickers, and the hardness was conversed to Brinell hardness. The tensile strength were measured using sheet samples with size of 180ϫ10ϫ5 mm. These sheets were cut parallel to the surface at intervals of 8 mm in depth. The absorbed-in-fracture energy of U-notch samples with dimension of 10ϫ10ϫ55 mm at different depths was determined on a JB-30B impact tester, and the U-notch was machined along the normal of the crossing surface. The optical microscope (OM) and transmission electron microscope (TEM) model of JEM-2010 operated at 200 kV. Foils for TEM examination were cut into the thickness of ϳ0.5 mm parallel to the crossing surface at the depth of 1mm from the surface using a wire electric-discharge machine, and then ground it into ϳ30 mm and thinned to perforation by electropolishing at room temperature on a twinjet unit model of TenuPol-5 using the electrolyte consisted of 7 % perchloric acid and glacialaceticacid.
Experimental Results

Mechanical Properties
The hardness of the purity high Mn steel crossing as quenched condition is about 220 HB. After the explosion hardening, the surface hardness of the crossing was increased obviously, and a rather thick hardening layer was achieved. Figure 2 shows the hardness distribution of the crossing subjected to the explosion treatment with different explosive thickness. It can be seen that the surface hardness and the depth of the hardening layer increase to ϳ310 HB and ϳ20 mm respectively for the explosive thickness of 2 mm, and ϳ360 HB and ϳ25 mm for the explosive thickness of 4 mm, and ϳ390 HB and ϳ30 mm for the explosive thickness of 6 mm, revealing that both the surface hardness and the hardening depth markedly increase with the explosive thickness. It is explainable that the thicker explosive can generate higher compression stress, which leads to more notable deformation and hardening.
© 2008 ISIJ Fig. 1 . Sketches of purity high Mn steel crossing and its section as well as explosion hardening places on it. Table 1 . Experimental parameters and effects of explosion hardening treatment for purity high Mn steel crossing* Figure 3 shows the strength and the impact toughness of the hardening layer of the purity high Mn steel crossing subjected to the explosion under the explosive thickness of 4 mm, showing that the explosion hardening of the purity high Mn steel can obviously increase the yield strength and notably decrease the impact toughness. The deformation resistance of the purity high Mn steel can be markedly enhanced; however, the impact toughness is decreased to ϳ60 J/cm 2 while the hardness are increased to 350 HB. It is obvious that the explosion hardening has different effects on the strength and the toughness of the material. The relationship between the strength (s 0.2 ) and the toughness (a k ) of the purity high Mn steel is obtained by testing the strength and the toughness values at different depths in the explosion hardening layer as shown in Fig. 4 , exhibiting approximate linear relationship which can be linearly fitted into a k ϭ430Ϫ0.55s 0.2 . This is consistent with the strength dependence of the toughness in conventional materials.
Therefore, in addition to the emphases of the hardness and strength, the design of the explosion hardening technology has to consider the toughness. Otherwise, too low toughness in the highly surface hardened steels would lead to brittle spalling, when the steel crossing are impacted and rolled by the wheels of the fast and heavily-loaded trains. Figure 5 shows OM microstructures in the surface layer of the crossing with and without explosion hardening. It can be seen that the microstructure of the purity high Mn steel crossing without the explosion hardening is composed of single-phase austenite (Fig. 5(a) ). A lot of deformation bands were occurred inside grains and increased with the explosive thickness increasing, as shown in Figs. 5(b) and 5(c). However, some micro-cracks can be produced at the austenitic grain boundaries in the purity high Mn steel crossing under the explosion hardening treatment with the explosive thickness of 6 mm, as marked by the hollow arrow in Fig. 5(d) . This may be attributed to the excessively high explosive power caused by the explosive thickness of 6 mm. The 6 mm thick explosive can produce a stress of 20 GPa on the surface, and causes a transient and pronounced deformation. Yet, due to the relatively weak binding in the grain boundaries, the micro-cracks might be generated in the boundaries if the grains do not coordinate well upon the deformation. Figure 6 gives the TEM microstructures of the purity high Mn steel crossing before and after the explosion hardening. Figure 6 (a) presents the typical TEM microstructure of the original austenite in the purity high Mn steel, which is dislocation in low density. In contrast, Fig. 6(b) presents the typical TEM micrograph at the depth of 1 mm below the surface of the crossing subjected to the explosion hardening with the explosive thickness of 4 mm. The microstructure at the depth of 1 mm below the surface is composed of dominant twins and dislocations. This suggests that the work hardening mechanism of the purity high Mn steel subjected to the explosion hardening is twin and dislocation.
Microstructures
Discussion
Explosion Hardening Technology of Purity High
Mn Steel Crossing The thickness of the explosive is very important parame- ter of the hardening treatment. If the thickness of the explosive is excessively large (e.g. 6 mm), the micro-cracks can be induced on the surface and in the subsurface of the crossing because of the very strong explosion shock wave, although the purity high Mn steel has high toughness (Table  1 and Fig. 5 ). However, the thin explosive sheet (e.g. 2 mm) cannot result in the enough hardening degree, as shown in Fig. 2 . Therefore, the explosive sheet with 4 mm thickness is the best one for the explosion hardening of the purity high Mn steel crossing. Table 2 lists the service lifetime of the purity high Mn steel crossing with and without explosion hardening, showing that lifetime of the crossing subjected to explosion treated with the explosive thickness of 4 mm exceeds 2.1ϫ10 8 tons, which is more than that of the steel crossing without explosion hardening by 40 %.
Mechanical Properties of Purity High Mn Steel
Crossing after Explosion Hardening As shown in Fig. 2 , a surface layer of the crossing with high hardness and a deep hardening layer were yielded by the explosion hardening, and the hardening layer thickness reaches to ϳ25 mm. At the same time, the strength in the surface layer increases by 65 % comparing to the purity high Mn steel matrix (Fig. 3) . Therefore, both the deformation and the wear resistances of the crossing can be improved. Although the toughness of the surface of the hardened purity high Mn steel crossing is rather low, inner high toughness of the steel matrix can meet the requirement in the practical application. So the core rail of the crossing can endure the powerful impact generated by high-speed wheels and be free of brittle spalling from the surface in service. The fatigue spalling occurred for the common high manganese steel crossing made in China when the load of passing through the crossing is above 8ϫ10 7 tons, then the crossing surface has to be repaired by repair welding. It is well known that the fatigue strength is proportional to the tensile strength for steels. Improving the strength of steel is the most effective method to increase its resistance to fatigue. Because the strength of the purity high Mn steel crossing can be improved by the explosion hardening ( Fig.  3(a) ), the explosion hardening should increase the fatigue lifetime of the purity high Mn steel crossing.
Explosion Deformation Mechanism of Purity High
Mn Steel Crossing Comparing to the condition of the impact wear, the explosion hardening of the purity high Mn steel results in lower surface hardness and thicker hardening layer. 15) This can be accounted for as the deformation mechanism under the transient explosion stress is found to be different from the case of multi-impacts with low energy under impact wear. It is observed from Table 1 that the explosion hardening causes the marginal change of the shape and size of the crossing since the explosive was attached on the surface, as shown in Fig. 1 . Upon explosion, the transient and strong impact is applied perpendicularly to the surface, as shown in Fig. 7 . Although the impact is strong, diverse impact vectors avoid the generation of the notable macroscopic deformation. The considerable explosion impact energy is absorbed through the plastic deformation of the interior grains. Since the macroscopic deformation is limited, the complete absorption of the impact energy requires the extension of the plastic deformation to the interior of the crossing. Thus, although little pronounced shape change might be apparently visible, the interior grains undergo considerable plastic deformation. The deformation process proceeds by the coordination of individual grains which keep at their original positions, and is thus called in-situ deformation. The deformation fashion, which occurs from surface to interior, facilitates the development of the desirable hardening with small shape change on the surface but deep deformation in the interior. And thus, a desirable hardening technology for the rail crossing in service is achieved with a suitable increase (360 HB) of the surface hardness and deep hardening layer (up to 25 mm).
Conclusions
(1) Hardening layer with excellent combined properties can be acquired in the purity high Mn steel crossing by the explosion with cyclonite explosive thickness of 4 mm.
(2) The lifetime of the purity high Mn steel crossing can be increased by at least 40 % after the explosion hardening.
(3) The explosion deformation mechanism of the purity high Mn steel crossing is in-situ deformation. Further, the explosion hardening mechanism is nanoscale deformation twin and dislocation.
